A method for measuring the length of an optical fiber by use of an optical fiber ring laser pulse source is proposed and demonstrated. The key element of the optical fiber ring laser is a gain-switched FabryPerot laser diode operated in a self-injection seeding scheme. This method is especially suitable for measuring a medium or long fiber, and a resolution of 0.1 m is experimentally achieved. The measurement is implemented by accurately determining the pulse frequency that can maximize the output power of the fiber ring laser. The measurement results depend only on the refractive index of the fiber corresponding to this single wavelength, instead of the group index of the fiber, which represents a great advantage over both optical time-domain reflectometry and optical low-coherence reflectometry methods.
Introduction
Various methods have been developed for optical fiber length measurement. The two widely used approaches are optical low-coherence reflectometry (OLCR) 1, 2 and optical time-domain reflectometry (OTDR). [3] [4] [5] OLCR is a high-precision measurement technique and is usually used to determine short optical fiber lengths because a reference optical fiber that is close to the length of the optical fiber to be measured is required during the measurement. Since OLCR employs a low-coherence light source, its measurement accuracy depends on the group index of the fiber. In contrast, OTDR is best suited for a medium or long optical fiber length measurement with submeter resolution. The measurement accuracy of OTDR depends not only on the exact timing but also on the group index and cabling factor of the fiber (for instance, a loose-buffered fiber is longer than a tightly buffered one).
Optical fiber lasers employing one or two gainswitched Fabry-Perot (F-P) semiconductor laser diodes have been explored. 6 -11 When the output wavelength of self-, 6,7 external-, 8, 9 and mutualinjection 10,11 seeding optical fiber ring lasers is tuned, the optical pulse repetition frequency and͞or the variable optical delay line have to be adjusted to ensure that the emitted optical pulse can return to the laser diode during a new pulse emission time and to maximize the power and the side-mode suppression ratio (SMSR) of the output pulses. The optimum frequency of the output pulses depends on the fiber laser cavity length. Thus the total length of the optical fiber ring laser cavity, and hence the length of the optical fiber to be measured, can be calculated by use of the optimum pulse frequency obtained. We demonstrate a method for measuring the optical fiber length by use of a self-seeded, gain-switched F-P laser diode in an optical fiber ring laser. An optical fiber with a length of ϳ2 km has been measured with a resolution of 0.1 m. Figure 1 illustrates the experimental setup for our method. The optical fiber to be measured is within the fiber ring laser cavity. A F-P laser diode with a maximum output power of 1 mW is dc biased at its threshold current of 11 mA and gain switched by a high-frequency electrical signal from a rf signal generator (HP E4422B). The rf signal is subsequently amplified by an electrical amplifier (Mini-Circuits ZHL-42W) with a gain of 30 dB and is then divided into two parts by a 10:90 power splitter. Then 10% of the signal is used to trigger the communication signal analyzer (CSA 803C), and the rest is used to gain switch the F-P laser diode via a bias-T circuit. The multimode spectrum of optical pulses directly from the gain-switched F-P laser is shown in Fig. 2 , which has a central wavelength of 1545.25 nm and a mode spacing of 1.1 nm. The gain-switched optical pulses transmit through an optical filter with a central wavelength of 1550 nm, an erbium doped fiber amplifier (EDFA), an isolator, a fiber coupler, an optical fiber to be measured, and a polarization controller and are injected back into the laser diode via a circulator. As long as the injected pulse arrives during the next pulse emission, a stable self-injection seeded optical short pulse can be established in the fiber ring laser cavity. The output port of the fiber ring laser can be connected to an optical powermeter (ML910B) with a sensitivity of 0.001 nW to measure the output optical power to the communication signal analyzer via a 25 GHz IR photodetector (Model 1414) to observe the optical pulse waveform, and to an optical spectrum analyzer (HP 70952B) with a resolution of 0.08 nm to observe the optical pulse spectrum. In the fiber ring laser system the optical filter is used to transform the multimode output from the laser diode into single-wavelength light, the isolator is employed to ensure the pulse propagation direction and eliminate the light reflected by the other devices, the polarization controller is utilized to optimize the SMSR in the output optical spectrum, and the EDFA is used to amplify the optical pulses and to improve measurement precision.
Experiments
The optical path length corresponding to the optical fiber to be measured is written as L fiber ϭ l fiber n co , where l fiber is the length of the optical fiber to be measured and n co is the refractive index of the fiber core. The optical path length corresponding to segments in the optical fiber ring cavity other than the optical fiber to be measured is L other , which can be obtained by use of a precision reflectometer (Agilent 8540B). In our experiment L other is measured to be 12.567 m and n co is 1.534, corresponding to a wavelength of 1550 nm. Then the total optical path length corresponding to the whole optical fiber ring cavity is
It can be seen from Fig. 3 that the output power of the fiber ring laser changes periodically with the optical pulse repetition frequency f. Thus the maximum output optical power is obtained when the pulse frequency applied can ensure that the optical pulse returns to the laser diode during another pulse emission time. The measurement process can be divided into two steps. In the first step the pulse frequency is adjusted until a local maximum output optical power is observed for the first time by using an optical powermeter. The corresponding frequency of the ring laser cavity is f 0 . Thus we have Fig. 1 . Experimental setup for measuring the optical fiber length. OSA, optical spectrum analyzer; CSA, communication signal analyzer; PD, photodetector; EDFA, erbium doped fiber amplifier. Note that, in practice, the optical spectrum analyzer, the communication signal analyzer, the photodetector, and the power splitter can be omitted to simplify the measurement system. Table 1 .
Results and Discussions
From Eqs. (1)- (3), the length of the optical fiber to be measured can be expressed by
Thus l fiber can be calculated from the measurement result of m, f 0 , and f m , and the values obtained are listed in Table 1 . The average value of the optical fiber length measured is l fiber ϭ 2153.855 m, and the measurement resolution is 0.1 m, which is similar to that of OTDR.
From the above description, the key for the measurement is to determine the pulse repetition frequency that can maximize the output pulse power of the fiber ring laser, which is dependent on the sensitivity of the optical powermeter and the frequency tolerance corresponding to the maximum output optical power of the fiber ring laser. The frequency tolerance corresponding to the maximum output optical power depends strongly on the pulse frequency and the laser diode. That is, the larger the pulse frequencies f 0 and f m , the smaller the measurement error. In addition, the measurement error of ͑f m Ϫ f 0 ͒ decreases as parameter m increases, as shown in Table 1 . Thus the pulse frequencies f 0 and f m and parameter m should be selected to be as large as possible to minimize the measurement error. The maximum pulse frequency applied is also dependent on the F-P laser diode employed.
As is shown in Eqs. (1) and (4), the length of the optical fiber measured is dependent on the refractive index of the optical fiber corresponding to the single wavelength, instead of the group index, which is an advantage over both OTDR and OLCR techniques. The optical spectrum analyzer and the communication signal analyzer shown in Fig. 1 are used only to demonstrate the measuring principle. In practice they can be removed, because the pulse frequency that maximizes the output optical power of the fiber ring laser can be accurately determined by use of only the optical powermeter. Furthermore, the proposed method also exhibits the advantages of simple configuration, easy operation, and high measurement resolution.
Conclusions
The optical fiber ring laser pulse source can be effectively used to measure the optical fiber length, and the measurement resolution achieved is 0.1 m. Such a method is especially suitable for measuring a medium or large length of optical fiber. This work was supported by research grant G-YX51 from the Hong Kong Polytechnic University in a Postdoctoral Research Fellowship scheme and grant 60507013 from the National Science Foundation of China.
